In general, vibration problems affecting the strength of members and serviceability of building structures are not considered in a structural design process. However, prediction of vibration is very critical and essential for structural designs, in particular, of structures that accommodate precision devices and products such as wafers and electronic microscopes. To predict the structural vibration of a floor, it is necessary to know various dynamic loads and dynamic characteristics of the floor. This study aims to predict the dynamic loads and structural vibrations of the steel plate in terms of the transfer function method. In order to know the dynamic loads and structural vibrations, a modal test and an impact excitation experiment were conducted multiple times on a steel plate. Results from the experiment were analyzed and compared against the measured excitation forces and vibration results. The results suggest that predicting the dynamic loads and vibration levels using the transfer function method is possible.
Introduction 1.1 Background and purpose
Vibrations in a building are caused by external sources such as traffic, nearby factories and construction activities; internal sources such as residents and machinery; and natural sources such as wind and earthquakes. Vibrations can affect livability and working conditions in a building. They also constitute an important factor affecting performance of precision products such as semiconductors or precision optical devices. Therefore, structural vibration could be predicted with accuracy if we could identify the vibration sources as an input to a building's structural analysis. Additionally, we could use such predicted structural vibration and assess a building's robustness during the initial structural design process whether the building would satisfy the vibration criteria pertinent to its usage.
Thus, it is very important to estimate with accuracy the magnitude of vibration excitation forces to ensure that the derived response levels satisfy the vibration criteria pertinent to a building's usage. However, existing studies have not included applications of excitation force estimation to structural vibration prediction.
Existing studies, except Kim et al. (1992) , mostly dealt with estimation of excitation forces, in particular, theoretical validations of the pseudo-inverse technique and the modal coordinate transformation method. And there has not been sufficient research on prediction of structural vibrations.
Of the two methods, we used the pseudo-inverse technique, which has been shown to provide closer approximation to measured values, and present a method of predicting both the dynamic load and the structural vibration on a simple steel plate. We also measured five or more times the transfer functions obtained through single-point impact, multiple-point measurement experiments performed at multiple test points, and show that the prediction accuracy can be improved by using their averages. Consequently, our study presents a method of estimating dynamic loads from structural vibration caused by an arbitrary excitation source using the principle of transfer function and a method of predicting the structural vibration of a building using such estimated dynamic loads. We verified that our proposed methodology can be applied to analysis of building floors.
Scope and Assumptions
1) A method of estimating dynamic load of a steel plate from structural vibration from an arbitrary vibration source is presented using the principles of transfer function method. 2) We compare the dynamic load directly measured in experiments on a steel plate against estimated dynamic load values to validate the dynamic load estimation method using transfer functions. This study is based on the following assumptions: 1) Structures behave linearly.
2) Transfer functions that represent system characteristics are time-invariant. 3) Structures satisfy Maxwell's reciprocity principle. 4) Structure's acceleration is taken as the structural vibration.
Existing Studies
Fabunmi (1986) computed transfer function matrix using the least squares method for obtaining inverse matrices, and calculated excitation forces using a theoretical model of a cantilever beam and a suspension type beam. Kammer (1996) computed convolutions in the time domain using unit loads and discrete time responses, and predicted input loads using the consequent inverse system. Liu et al. (2000) used a system identification technique to determine a system model from measured structural vibrations, and estimated excitation forces through a cantilever plate experiment using Carman filter and the least squares method.
As related studies in Korea, Kim et al. (1992) studied prediction of structural vibration characteristics of building floors from an arbitrary vibration source experimentally by measuring excitation forces of various equipment and the vibration characteristics as critical work for vibration-resistant designs. Kim (1999) proposed a method of quantifying and analyzing excitation forces, which had not been standardized in the field of solid transfer sounds in buildings, and examined the feasibility of its application for excitation force estimation in subways and express trains. Song (2000) confirmed experimentally that the least squares method, which is used to estimate excitation forces by multiplying inverse matrices of response frequency matrices, generates less error than the modal coordinate transformation method, in general. Similarly, Lee (2002) presented a mode-based method for computing vibrations using the equations of the modal response theory in vibration systems and the inverse transfer function method of obtaining input from output through inverse computation of transfer function matrix, assuming a vibration system as a simple inputoutput system of multiple degrees of freedom (DOF).
Transfer Function 2.1 Input and Output of Linear System
In a linear system, when the input function and the impulse response function of the system are given, the output function can be obtained through convolution integration of the two functions. This computation is in the time domain.
We denote a system's input and output in the time domain as f (t) and x(t), respectively and their Fourier transforms as F(ω ) and X (ω ). The latter functions are both functions of frequency ω and are obtained by Eq.
(1).
The convolution integration of Eq. (1) in the time domain can be expressed as follows in the frequency domain.
Here, H (ω ) represents the Fourier transform of the impulse response function h(t) and is called the frequency response function (FRF).
Transfer Function
Both input and output signals measured in vibration experiments include noises, which are all statistical in nature, unrelated to vibration characteristics of the subject structure. Also, a vibration experiment rarely terminates as a single run but is repeated for multiple runs usually. Therefore, we need understanding on the statistical nature of signals.
Since most vibration signals for measurement are random, measures of a parameter's variability are very useful. Autocorrelation, denoted as R xx (τ ), is defined as follows and is a variability measure of signal x(t).
Power spectrum density, denoted as S xx (ω ), is defined as a Fourier transform of autocorrelation as follows.
System transfer function can be expressed in terms of the Fourier transform, H(ω ), of the impulse response function h(t), discussed earlier.
Eq. (5) expresses the system characteristics and can be obtained as a spectrum ratio of the input of Eq. (4) and the output.
Here, S ff (ω ) indicates the excitation force spectrum and S xx (ω ) the structural vibration spectrum. Fig. 8 . 
Prediction of structural vibration from estimated dynamic load
Here, we present the method of predicting dynamic loads using the transfer function obtained from measurements of impact hammer's excitation force and structural vibration, described in the previous section.
We then obtain the transfer function in terms of a third measurement point for prediction, and predict the structural vibration at the third point using the transfer function and the estimated dynamic load. Details of the method are as follows.
[Experiment 3: Computation of transfer function]
1) A s s h o w n i n F i g . 3 . , s e l e c t a n i m p a c t p o i n t A f o r e x c i t a t i o n f o r c e a p p l i c a t i o n a n d t w o measurement points B and C for structural vibration measurements. Install accelerometers on the two measurement points. 2) Strike the impact point with an impact hammer and measure the excitation force of the hammer F A1 (t) and the measurement point responses (acceleration) a B1 (t) and a C1 (t). 3) A p p l y F F T o n e x c i t a t i o n f o r c e F A 1 ( t ) a n d accelerations a B1 (t) and a C1 (t); and use the values to compute transfer functions (frequency response function) H B (ω ) and H C (ω ). 
Fig.2. Estimation of Excitation Force (Experiment 2)
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Estimation of Dynamic Load Using Model Experiments 4.1 Experiment overview
We conducted a model experiment on a steel plate to validate the dynamic load estimation method using transfer functions, described in the previous chapter. In the vibration experiment, a steel plate (1000×200×5, SS400) was simply supported and measurement points were fixed, whereupon experiment mode analysis and dynamic load estimation were performed. In the vibration experiment for dynamic load estimation, an impact hammer, which allows measurement of the excitation force, was used as a vibration source so that measured and estimated values of dynamic loads were compared for analysis. Experiment devices are as in Table 1 . For transformation of analog signals to digital we used the sampling frequency of Fspan: 320 Hz, lines: 250, dF: 1.272 Hz.
Locations of nodes and measurement points on the steel plate used for mode analysis are as shown in Fig.6 . Table 2 . lists the natural frequencies measured from the mode analysis on the steel plate.
Experiment method
To ensure accuracy of our estimation we installed accelerometers at two measurement points B and C as shown in Fig.7 . Impact hammer was struck on impact point A while the hammer's excitation force and accelerations at measurement points B and C were measured. FFT was applied to the measurements and the transfer function was computed using the FFT values. Here, two transfer functions of points B and C are obtained. Impact hammer is struck again on the same point; the hammer's excitation force and accelerations at points B and C are measured. Measured accelerations and the computed transfer functions are used to estimate the dynamic load. Inverse FFT is applied on the estimated dynamic load to convert into time domain data. The result is compared against the measured dynamic load in the time domain.
Experiment results
Excitation force of the impact hammer and the resulting response accelerations were measured. Fig.8 . shows the impact hammer's excitation force and The average of estimation errors using the transfer function and measurements of point C was 8.33%. These are comparison results in the time domain. We note that the error between the estimation and the measurements falls within 10%, showing good consistency.
In our paper the estimation error (ε ) is expressed as follows.
Here, F E indicates estimated dynamic load and F M measured dynamic load. Fig.10 . shows the average excitation force using estimated values of point B and point C. The average estimation error was obtained as 7.13% so that we conclude that the use of two accelerometers instead of one helped improve the estimation accuracy by cancelling out some of the experiment errors. Fig.11 . shows the estimation error of excitation force estimation based on the average count of the transfer function at point B. It shows that the greater the transfer function average count, the less the estimation error of excitation force estimation. In particular, the estimation error is significantly reduced up to average count of 5 runs, thereafter the reduction rate is decreased. For a single run, the estimation error is 8.01% as shown in Fig.9 ., for five runs 5.68% and for 30 runs 5.34%. In the case of estimation error in excitation force estimation using the transfer function of point C as the average count is varied, the estimation error falls significantly, similar to the case of point B, for up to average count of 5, whereupon it tends to flatten out. The estimation error was obtained as 8.33% for average count of 1, 5.28% for 5 and 5.16% for 30. Fig.13 . shows comparison of the average excitation force estimated using transfer functions of average count of 5 each at points B and C against the measured values. As the estimation error of averages from two accelerometers was less than from one accelerometer, as shown in Fig.12 ., we note that the average excitation force, estimated using transfer functions of measurement points B and C based on the average count of 5, most closely approaches the measured values. The estimation error here was 5.20% for average count of 5, whereas that for average count 30 was 4.88%, both indicating good consistency with about 5% or less error from the measured values.
Figs.14. and 15. show comparisons of estimated excitation force upon transformation to time domain through inverse FFT against measured values. Fig.16 . shows the average of excitation forces estimated using transfer functions of point B and point C against measured values. As in Table 4 ., such estimated excitation forces at peak show estimation errors of 3.73%, 2.97% and 0.37%, respectively. From this we conclude that using the average of excitation force estimates provides a close estimation of dynamic loads.
Prediction of Structural Vibration Using Model Experiment 5.1 Experiment method
Here, we predict the structural vibration from estimated dynamic load of a steel plate using the response prediction method described in 3.2. Locations of the impact point and the measurement points are as in Fig.7 . Impact hammer is struck to impact point A; excitation force of the impact hammer and accelerations at measurement points B and C are measured; FFT is applied to the measured values; and transfer functions are obtained from the two transfer functions of point B and point C.
On the same position of the first strike, the impact hammer is struck again; accelerations of measurement points B and C are measured; and dynamic load is estimated from the acceleration measured at measurement point B and the transfer function of point B. Using the estimated dynamic load as an input value, the transfer function of point C is computed to predict the acceleration at point C. This predicted value is then compared against the measured acceleration at point C. The predicted acceleration is then inverse FFT applied to time domain and compared against the acceleration measured in time domain. This experiment is repeated 30 times to obtain 30 transfer functions, whereupon the prediction error is assessed based on the average count of transfer function.
Experiment results
Structural vibration (acceleration) is predicted using the dynamic load estimates and transfer functions of Chapter 4. Using the dynamic load estimation from transfer function of average count 5, as described in Chapter 4, as an input value, we now predict the acceleration using average of the transfer function at point C as the experiment is repeated from 1 to 30 times. The prediction error of acceleration is obtained by averaging the estimation errors at each frequency over the transfer function average count.
From Fig.18 . we can verify that the acceleration prediction error decreases as the average count of transfer function increases. The estimation error is 8.92% for average count of 1, decreases to 5.35% for 5 and to 4.55% for average count of 30. 
Conclusions
In this study we present a method of estimating dynamic loads from structural vibration that occurs from an arbitrary excitation source using transfer function. Model experiments were conducted, where an impact hammer is struck on a steel plate, validate the dynamic load estimation method and the structural vibration prediction method using estimated dynamic loads. Here, we conclude as follows:
1) From the model experiments on a steel plate, the estimation error for dynamic load estimation using transfer functions was about 8%. The prediction error for structural vibration prediction using the estimated dynamic loads was about 11%. When the average of dynamic loads estimated from accelerometers of two measurement points, the estimation error was 7.13%.
2) When the experiment was repeated 30 times, whereupon the estimation errors of excitation force estimation and structural vibration prediction were expressed in terms of the average count of transfer functions, it was shown that, the greater the average count of transfer function, the closer the estimation approached the measured values. We conclude that using the average of transfer functions from five or more runs of experiment results in close estimation of dynamic loads.
3) Indirect estimation of dynamic loads using transfer function results in some error because of experiment noise involved. However, this provides a way of assessing a dynamic load when it cannot be measured directly. In addition, it is a convenient method than direct measurement since we use transfer functions and structural vibrations, whose values can be obtained easily.
4) In case a vibration excitation source applied to existing building floors is to be also applied to floors of a new planned building, the proposed method can be used to estimate the dynamic load of the vibration excitation source in the existing building, whereupon the estimated dynamic load can be applied to the design of the new building in terms of floor vibration analysis.
